NEURONS ensure polarized information flows with their diverse morphology. A typical mammalian neuron receives synaptic inputs at branching dendrites and sends signals through a long projecting axon. It has been shown that phosphoinositides, which are derived from combinational phosphorylation of phosphatidylinositol (PI), play important roles in neuronal polarity ([@bib5]; [@bib6]; [@bib62]). PI is synthesized from *myo*-inositol, which is supplied by uptake from the extracellular environment, *de novo* synthesis from glucose, or recycling from phosphoinositides ([Figure 3B](#fig3){ref-type="fig"}; [@bib1]). Of these, the *de novo* synthesis and recycling pathways require *myo*-inositol monophosphatase (IMPase), an evolutionarily conserved enzyme that produces inositol by dephosphorylating inositol monophosphate ([Figure 3B](#fig3){ref-type="fig"}; [@bib1]).

The *in vivo* function of IMPase has been extensively explored because of its sensitivity to lithium, a drug for bipolar disorder ([@bib12]). Despite the clinical usage for more than half of a century, how lithium exerts its therapeutic effect in patient brains is still enigmatic. Currently, a dominant explanation for the action of lithium is exemplified by the "inositol depletion hypothesis." This hypothesis, mainly based on *in vitro* studies, holds that IMPase inhibition by lithium limits production of inositol, thereby dampening phosphatidylinositol 4,5-bisphosphate (PIP~2~)-mediated signaling ([Supporting Information](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/1), [Figure S2](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/3); [@bib8]; [@bib9]; [@bib59]; [@bib37]). Although it has been shown that lithium inhibits IMPase ([@bib24]; [@bib27]) and reduces inositol levels ([@bib39]; O'donnell *et al.* 2000), whether the reduction of inositol affects neuronal PIP~2~ levels *in vivo* has been disputed ([@bib7]; [@bib18]; [@bib10]; [@bib59]; [@bib31]; [@bib37]). The oppositions to the hypothesis are mainly based on two reasons. First, since inositol can be supplied from the extracellular environment independently of IMPase, inhibition of IMPase by lithium might cause only a marginal reduction in the inositol level, which might not substantially impair the synthesis of PI ([@bib7]; [@bib10]). Second, since inhibition of IMPase might alter the levels of inositol polyphosphates that are important regulators of gene expression *in vivo* ([@bib49]; [@bib61]; [@bib60]; [@bib35]), lithium could exert its effect by interfering with these PI-independent metabolic pathways. Thus, it remains unclear how lithium exerts its effect *in vivo*.

We previously reported that the *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* gene, the *Caenorhabditis elegans* ortholog of IMPase, is required for sensory behaviors. The behavioral defects of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants result from abnormality in polarized localization of both pre- and postsynaptic proteins in the interneuron named [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) ([@bib67]). The exogenous application of lithium to wild-type animals elicited both the synaptic and behavioral defects similar to those in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants ([@bib67]), suggesting that lithium inhibits the *C. elegans* IMPase. However, it remains unknown how the inhibition of IMPase leads to such defects.

In this study, we conducted a genetic suppressor screen for *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants. We found that mutations in the gene *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)*, which encodes a homolog of phospholipase Cβ (PLCβ) ([@bib34]; [@bib41]), strongly suppress both the synaptic and behavioral defects of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants. Since PLCβ cleaves PIP~2~, this observation suggests that the accumulation of PIP~2~ corrected the defects. Indeed, through screening for known inositol metabolic genes, we found that a mutation in the *[unc-26](http://www.wormbase.org/db/get?name=unc-26;class=Gene)* gene, a homolog of human synaptojanin 1 that dephosphorylates PIP~2~ ([@bib13]; [@bib25]), also suppresses the synaptic defect in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants. Further, *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* mutants showed strong resistance to the lithium treatment. Thus, these results provide the first genetic evidence that disruption of IMPase by lithium affects PIP~2~ levels in neurons of living animals and suggest that the PIP~2~ signaling establishes polarized localization of pre- and postsynaptic components *in vivo*.

Materials and Methods {#s1}
=====================

Strains and genetics {#s2}
--------------------

*C. elegans* cultures were maintained essentially as described ([@bib11]). The following strains were used: wild-type Bristol strain ([N2](http://www.wormbase.org/db/get?name=N2;class=Strain)), wild-type Hawaiian strain ([CB4856](http://www.wormbase.org/db/get?name=CB4856;class=Strain)) for mapping with snip-SNPs method ([@bib72]), [CB47](http://www.wormbase.org/db/get?name=CB47;class=Strain) *[unc-11](http://www.wormbase.org/db/get?name=unc-11;class=Gene)([e47](http://www.wormbase.org/db/get?name=e47;class=Variation))* I, EG3361 *[gqIs25](http://www.wormbase.org/db/get?name=gqIs25;class=Transgene)*\[*rab-3p*::*ppk-1*, *lin-15*(+)\] I, [IK575](http://www.wormbase.org/db/get?name=IK575;class=Strain) *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)([nj40](http://www.wormbase.org/db/get?name=nj40;class=Variation))* I, [IK589](http://www.wormbase.org/db/get?name=IK589;class=Strain) *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)([nj50](http://www.wormbase.org/db/get?name=nj50;class=Variation))* I, IK685 *[njIs20](http://www.wormbase.org/db/get?name=njIs20;class=Transgene)\[glr-3p*::*syd-2*::*gfp*, *rol-6gf\]* I, IK765 *[njIs16](http://www.wormbase.org/db/get?name=njIs16;class=Transgene)\[glr-3p*::*eat-4*::*gfp*, *glr-3p*::*snb-1*::*dsredmonomer*, *rol-6gf\]* I, [CB1265](http://www.wormbase.org/db/get?name=CB1265;class=Strain) *[unc-104](http://www.wormbase.org/db/get?name=unc-104;class=Gene)*(*[e1265](http://www.wormbase.org/db/get?name=e1265;class=Variation)*) II, [CB205](http://www.wormbase.org/db/get?name=CB205;class=Strain) *[unc-26](http://www.wormbase.org/db/get?name=unc-26;class=Gene)([e205](http://www.wormbase.org/db/get?name=e205;class=Variation))* IV, IK661 *[njIs9](http://www.wormbase.org/db/get?name=njIs9;class=Transgene)\[glr-3p*::*snb-1*::*venus*, *ofm-1p*::*gfp\]* IV, [IK718](http://www.wormbase.org/db/get?name=IK718;class=Strain) *[njIs12](http://www.wormbase.org/db/get?name=njIs12;class=Transgene)\[glr-3p*::*glr-1*::*gfp*, *ges-1p*::*Dsredmonomer\]* V, IK777 *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* V, [MT1083](http://www.wormbase.org/db/get?name=MT1083;class=Strain) *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([n488](http://www.wormbase.org/db/get?name=n488;class=Variation))* V, and multiple mutants or transgenic strains generated form them. The rest of strains used are listed in [Table 1](#t1){ref-type="table"}.

###### Localizarion of SNB-1 in mutants related to neuronal polarity, synapse formation, or inositol metabolism

  Strain used   Mutation                                                                                     Gene                             Localization of snb-1
  ------------- -------------------------------------------------------------------------------------------- -------------------------------- ----------------------------------------
  N2            Wild type                                                                                    ---                              Presynaptic region
  IK589         *ttx-7(nj50)*                                                                                IMPase                           Entire process
                Polarity- or synapse-related genes                                                                                            
  KU17          *lrk-1(km17)*[*^a^*](#t1n1){ref-type="table-fn"}                                             LRRK2/PARK8-related kinase       WT
  VC898         *cdc-42(gk388)*[*^b^*](#t1n2){ref-type="table-fn"}^,^[*^c^*](#t1n3){ref-type="table-fn"}     Cdc42                            WT
  NG324         *wsp-1(gm324*[*^b^*](#t1n2){ref-type="table-fn"}                                             WASP                             WT
  VC2053        *wip-1(ok2435)*[*^b^*](#t1n2){ref-type="table-fn"}^,^[*^c^*](#t1n3){ref-type="table-fn"}     WASP-interacting protein         WT
  VC2706        *wve-1(ok3308)*[*^b^*](#t1n2){ref-type="table-fn"}^,^[*^c^*](#t1n3){ref-type="table-fn"}     WAVE                             WT
  DR1           *unc-101(m1)*                                                                                AP-1 medium subunit              WT
  DR1           *ttx-7(nj40) unc-101(m1)*                                                                    AP-1 medium subunit              *ttx-7*-like
  CB1193        *unc-33(e1193)*                                                                              CRMP                             WT
  CB204         *unc-33(e204)*                                                                               CRMP                             WT
  SP1382        *unc-33(mn407)*                                                                              CRMP                             WT
  EM67          *mab-20(bx24)*[*^a^*](#t1n1){ref-type="table-fn"}                                            Semaphorin-2A                    WT
  CB78          *unc-6(e78)*[*^a^*](#t1n1){ref-type="table-fn"}                                              Netrin                           WT
  CB271         *unc-40(e271)*[*^a^*](#t1n1){ref-type="table-fn"}                                            Netrin receptor                  WT
  CB362         *unc-44(e362)*[*^b^*](#t1n2){ref-type="table-fn"}                                            Ankyrin G                        WT
                Inositol metabolism-related genes                                                                                             
  CB205         *unc-26(e205)*                                                                               Synaptojanin                     WT ([Figure 4](#fig4){ref-type="fig"})
  CB205         *ttx-7(nj50);unc-26(e205)*                                                                   Synaptojanin                     WT ([Figure 4](#fig4){ref-type="fig"})
  RB1535        *arf-1.1(ok1840)*                                                                            ADP-ribosylation factor family   WT
  VC567         *arf-1.2(ok796)*                                                                             ADP-ribosylation factor family   WT
  FX1447        *arf-6(tm1447)*[*^b^*](#t1n2){ref-type="table-fn"}                                           ADP-ribosylation factor family   WT
  KU22          *pld-1(km22)*                                                                                Phospholipase D                  WT
  VC1587        *ocrl-1(gk752)*                                                                              OCRL                             WT
  VC1587        *ttx-7(nj40) ocrl-1(gk752)*                                                                  OCRL                             *ttx-7*-like
  IK1130        *age-1(mg305)*                                                                               Phosphoinositide 3-kinase        WT
  IK1130        *ttx-7(nj50);age-1 (mg305)*                                                                  Phosphoinositide 3-kinase        *ttx-7*-like
  RB1813        *piki-1(ok2346)*                                                                             Phosphoinositide 3-kinase        WT
  KR1440        *vps-34(h797)*[*^b^*](#t1n2){ref-type="table-fn"}^,^[*^c^*](#t1n3){ref-type="table-fn"}      Phosphoinositide 3-kinase        WT
  FX2348        *F35H12.4(tm2348)*[*^b^*](#t1n2){ref-type="table-fn"}                                        Phosphatidylinositol kinase      WT
  VC2563        *Y75B8A.24(ok3320)*[*^b^*](#t1n2){ref-type="table-fn"}                                       Phosphatidylinositol kinase      WT
  EG3361        *ttx-7(nj50) gpIs25\[rab-3p*::*ppk-1\]*                                                      Type I PI-4-phosphate kinase     *ttx-7*-like
  FX3741        *ppk-2(tm3741)*[*^b^*](#t1n2){ref-type="table-fn"}                                           Type II PI -5-phosphate kinase   WT
  MT7531        *ppk-3(n2835)*[*^b^*](#t1n2){ref-type="table-fn"}                                            Type III PI-3-phosphate kinase   WT
  MT12352       *trr-1(n3630)*[*^b^*](#t1n2){ref-type="table-fn"}^,^[*^c^*](#t1n3){ref-type="table-fn"}      TRAAP subfamily                  WT
  TR1331        *smg-1(r861)*[*^b^*](#t1n2){ref-type="table-fn"}                                             Phosphatidylinositol kinase      WT
  VC381         *atm-1(gk186)*[*^b^*](#t1n2){ref-type="table-fn"}                                            ATM family                       WT
  VC728         *atl-1(ok1063)*[*^b^*](#t1n2){ref-type="table-fn"}                                           ATM family                       WT
  VC2312        *let-363(ok3013)*[*^b^*](#t1n2){ref-type="table-fn"}^,^[*^c^*](#t1n3){ref-type="table-fn"}   FRAP1                            WT
  FX753         *plc-1(tm753)*                                                                               Phospholipase c                  WT
  FX753         *ttx-7(nj40);plc-1 (tm753)*                                                                  Phospholipase c                  *ttx-7-like*
  RB1496        *plc-2(ok1761)*[*^b^*](#t1n2){ref-type="table-fn"}                                           Phospholipase c                  WT
  RB1496        *ttx-7(nj50);plc-2(ok1761)*[*^b^*](#t1n2){ref-type="table-fn"}                               Phospholipase c                  *ttx-7*-like
  MT1434        *egl-30(n686)*                                                                               G-protein α-subunit              WT
  KY26          *egl-30(tg26gf)*                                                                             G-protein α-subunit              WT
  MT1434        *egl-30(n686) ttx-7(nj50)*                                                                   G-protein α-subunit              *ttx-7*-like

Localization of SNB-1 in RIA neuron was examined. About 10 adult animals were examined in more than three trials for each genotype. In the mutants without the superscripts, the localization of SNB-1::VENUS expressed from integrated array was observed. WT and *ttx-7*-like represents the wild-type and *ttx-7*-like mutant phenotypes of SNB-1 localization, respectively.

The localization of SNB-1::DsRedmonomer expressed from integrated array was observed.

The localization of SNB-1::VENUS expressed from extrachromosomal array was observed.

These mutants display larval arrest or developmental defects. The localization of SNB-1 in these mutants was examined at larval stages; SNB-1 localized to the distal region of the process in wild-type animals at laval stages as well as at the adult stage.

Behavioral assay {#s3}
----------------

The population thermotaxis assay was performed as previously reported ([@bib28]) except for [Figure S3](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/4), F--G, in which the assay duration was 120 min. The individual thermotaxis assay was performed as described ([@bib43]). The salt chemotaxis assay was performed as described ([@bib33]).

Genetic screens for mutations that suppress thermotaxis defects of *ttx-7* mutants {#s4}
----------------------------------------------------------------------------------

*[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)*(*[nj40](http://www.wormbase.org/db/get?name=nj40;class=Variation)*) animals were mutagenized with ethyl methanesulfonate (EMS) as described before ([@bib11]), and F~1~ progeny was isolated to 6-cm NGM plates. F~2~ progeny from five F~1~ plates was cultured at 23° and was assayed in the population thermotaxis assay for 40 min. *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* was isolated as animals that migrated to 23°.

Mapping of *nj77* {#s5}
-----------------

We outcrossed *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)*(*[nj40](http://www.wormbase.org/db/get?name=nj40;class=Variation)*) to [CB4856](http://www.wormbase.org/db/get?name=CB4856;class=Strain) to generate the strain carrying *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)*(*[nj40](http://www.wormbase.org/db/get?name=nj40;class=Variation)*) in a Hawaiian background. By utilizing the SNPs (single nucleotide polymorphisms) between this strain and the suppressor, we mapped *[nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation)* to a 1 Mbp region of the left end of chromosome V.

Molecular biology {#s6}
-----------------

An *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene) cDNA* (KP316) is a gift from Dr. Stephan Nurrish. The promoter of the *[glr-3](http://www.wormbase.org/db/get?name=glr-3;class=Gene)* gene was used as an [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term)-specific promoter. To generate *glr-3p*::*egl-8* cDNA (pUBA13), the *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* cDNA was amplified by PCR from KP316 plasmid, and the *ttx-7a* cDNA::*egfp* of *glr-3p*::*ttx-7a* cDNA::*egfp* (pTAN58) was replaced by the *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* cDNA. To generate *glr-3p*::*gfp*::*egl-8* cDNA (pUBA21), an *gfp*::*egl-8* cDNA was amplified by PCR from *acr-2p*::*gfp*::*egl-8* cDNA (REW1) plasmid, and the *ttx-7a* cDNA::*egfp* of *glr-3p*::*ttx-7a* cDNA::*egfp* (pTAN58) was replaced by the *gfp::egl-8* cDNA. To generate *glr-3p*::*unc-101* cDNA::*egfp* (pUBA35), a *[unc-101](http://www.wormbase.org/db/get?name=unc-101;class=Gene)* cDNA was amplified from *C. elegans* yeast two-hybrid cDNA library (Cosmo Bio Co., Ltd), and the *ttx-7a* cDNA of *glr-3p*::*ttx-7a* cDNA::*egfp* (pTAN58) was replaced by the *[unc-101](http://www.wormbase.org/db/get?name=unc-101;class=Gene)* cDNA

Transgenic animals {#s7}
------------------

Germline transformation was performed by co-injecting experimental DNA (1--100 ng/µl) and an injection marker pKDK66 (*ges-1p*::*NLS*::*GFP*), *ofm-1*::*gfp*, pRF4 (*rol-6gf*), or pTAN124.5 (*ges-1p*::*Dsredmonomer*) ([@bib40]). Multiple independent transgenic lines were established for each experimental DNA. For comparison of phenotypes on different genetic backgrounds, transgenic arrays were transferred by intercrossing. Strains with integrated arrays were established by TMP/UV mutagenesis of animals carrying an extrachromosomal array as described ([@bib67]).

Lithium treatment {#s8}
-----------------

Animals were cultivated on LiCl-containing NGM plates from birth. LiCl (Wako) was added at 15 mM concentration to NGM medium. We used 1-day-old adults for phenotypic analyses.

Observation and quantification of synaptic molecule localization {#s9}
----------------------------------------------------------------

An Axioplan2 light microscope (Zeiss) was used to observe the synaptic molecule localization. The fluorescent images were captured with a confocal laser-scanning microscope FV1000 (Olympus). The quantifications of localization indices for SNB-1::VENUS, GFP::SYD-2, and GLR-1::GFP were performed on adult animals with integrated arrays. The localization index was calculated using ImageJ software (NIH): the area and mean fluorescence intensity of the background, presynaptic region (region A), and non-presynaptic region (region B) of the [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) process ([Figure 2B](#fig2){ref-type="fig"}) were measured for each slice of a confocal image. The total intensity in each region for each slice was generated by subtracting the mean intensity of the background from that of the region of interest, which was then multiplied by its area. The fluorescence of the region A and B was calculated by summing the total intensity of each slice of each region. The localization index was calculated as fluorescence A / fluorescence A + B.

Statistics {#s10}
----------

Error bars in all figures indicate standard error of the mean (SEM). We treated thermotaxis indices and localization indices as parametric and nonparametric data, respectively. The comparison test methods applied are indicated in each figure legend. The double asterisks (\*\*), single asterisks (\*), and no significances (NS) in all figures represent *P* \< 0.01, *P* \< 0.05, and *P* \> 0.05, respectively.

Results {#s11}
=======

A mutation in the *egl-8* gene strongly suppresses the behavioral abnormalities of *ttx-7* mutants {#s12}
--------------------------------------------------------------------------------------------------

The *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* gene encodes the sole ortholog of IMPase gene in *C. elegans*. [@bib67] showed that the loss of [TTX-7](http://www.wormbase.org/db/get?name=TTX-7;class=Gene) causes defects in both polarized distribution of synaptic proteins in the [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) interneuron and behaviors including thermotaxis ([@bib67]). Thermotaxis is one of the most characterized experience-dependent behaviors in *C. elegans*: when well-fed animals cultivated at a certain temperature are placed on a temperature gradient (shallower than 1°/cm) without food, they migrate toward their cultivated temperatures and move isothermally ([@bib26]; [@bib43]; [@bib42]; [@bib29]). [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) receives synaptic inputs from upstream interneurons in the neural circuit regulating thermotaxis ([Figure S1](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/2)A; [@bib43]). Since [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) neuron-specific expression of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* cDNA rescued both the synaptic and thermotaxis defects, abnormal thermotaxis phenotype of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants is likely caused by synaptic defects in [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) ([@bib67]).

To clarify further how IMPase regulates the synaptic polarity and consequently sensory behaviors, we conducted a genetic suppressor screen for *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants utilizing a population thermotaxis assay (*Materials and Methods*). Of five isolates among ∼2000 genomes screened in a *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)([nj40](http://www.wormbase.org/db/get?name=nj40;class=Variation))* background, we focused on the mutation *[nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation)* that strongly suppressed the thermotaxis defect.

The snip-SNPs method ([@bib72]) and subsequent sequencing analyses revealed a G-to-A mutation in the splicing donor site of the eighth intron of the *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* gene in the *[nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation)* mutant genome ([Figure 3A](#fig3){ref-type="fig"}). The *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* gene encodes a homolog of PLCβ, most closely related to PLCβ4 in vertebrates ([@bib34]; [@bib41]). *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)([nj40](http://www.wormbase.org/db/get?name=nj40;class=Variation));[nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation)* mutants showed slightly flattened sinusoidal tracks on cultivation plates unlike *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)([nj40](http://www.wormbase.org/db/get?name=nj40;class=Variation))* single mutants, which are characteristic of *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* mutant animals (data not shown; [@bib34]). [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term)-specific expression of *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* cDNA abolished the suppressible effect of *[nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation)* mutation ([Figure 3D](#fig3){ref-type="fig"} and [Figure S1](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/2)D; discussed below). These results indicate that *[nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation)* is an allele of *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)*.

We further analyzed the thermotaxis behavior of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene);[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* mutants, using a deletion or a hypomorphic allele, *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)([nj50](http://www.wormbase.org/db/get?name=nj50;class=Variation))* or *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)([nj40](http://www.wormbase.org/db/get?name=nj40;class=Variation))*, respectively. To investigate the ability of migrating toward cultivation temperature on a thermal gradient, we utilized the population thermotaxis assay ([Figure 1A](#fig1){ref-type="fig"}; [@bib28]). After cultivation at 23°, 20°, or 17° in a well-fed condition, most wild-type animals migrated toward their cultivation temperatures, whereas *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants dispersed on the assay plate ([Figure 1B](#fig1){ref-type="fig"} and [Figure S1](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/2)B). In contrast, *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene);[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* mutants migrated toward their cultivation temperatures. *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene);[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* and *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* single mutants accumulated at the temperature slightly higher or lower than wild-type animals in 17° or 23° cultivation, respectively ([Figure 1B](#fig1){ref-type="fig"} and [Figure S1](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/2)B). Since animals carrying a deletion allele of *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)*, *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([n488](http://www.wormbase.org/db/get?name=n488;class=Variation))*, do not move on the assay plate owing to locomotion defects ([@bib51]), the thermotaxis abnormalities in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene);[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* and *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* mutants might be caused by a defect in locomotion. To test this possibility, we assayed wild-type and *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* mutant animals cultivated at 17° or 23° on the assay plates without the temperature gradient and compared the TTX deviations, which reflect the dispersion of the animals ([Figure S3](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/4)A; [@bib28]). The TTX deviations between wild-type and *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* mutants were not considerably different ([Figure S3](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/4), B--E). We found that extending the assay duration from 60 to 120 min improved the thermotaxis performance of *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* mutants cultured at 17° but not at 23° ([Figure S3](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/4), F and G). These results suggest that *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* is involved in thermotaxis rather than merely affecting the locomotion.

![Behavior of *ttx-7;egl-8* double mutants. (A) Procedure for the population thermotaxis assay. Between 50 and 300 animals cultivated at a certain temperature were placed at the center of the liner temperature gradient ranging from 17° to 23° in 14 cm width. After 60 min, the number of animals at each region was counted. The TTX index was calculated using the equation shown here. (B) Distributions and TTX indices of animals cultivated at 17°, 20°, and 23°. While *ttx-7(nj50)* mutants showed almost athermotactic behavior, *ttx-7(nj50);egl-8(nj77)* double mutants migrated toward the cultivation temperatures. Tukey--Kramer test was applied (*n* ≥ 4 assays). The marks on the bars of each genotype represent comparisons with wild type. The marks on the lines represent comparisons between indicated genotypes. (C) Individual chemotaxis assay to NaCl. (+) strong attraction; (+/−) modest attraction; (−) no attraction to NaCl. *egl-8(nj77)* strongly suppressed the chemotaxis defect of *ttx-7(nj50)* mutants. n ≥ 57 animals. (D) Individual thermotaxis assay of animals cultivated at 20°. The center and edge of the 9-cm plate are maintained at 17° and 25°, respectively. In contrast to the random movement of *ttx-7*(*nj50*) mutants, *ttx-7(nj50);egl-8(nj77)* mutants showed clear isothermal tracking (IT) around 20° as well as wild-type animals. (E) Fraction of animals that moved isothermally around 20° in the individual thermotaxis assay. *nj40* and *nj50* are hypomorphic and putative null alleles for *ttx-7*, respectively. *egl-8(nj77)* strongly suppressed the defect of *ttx-7* mutants. About 20 animals were examined in more than three trials, which were compared in ANOVA. The marks on the bars of each genotype indicate comparisons with wild type. The marks on the lines represent comparisons between indicated genotypes.](509fig1){#fig1}

After reaching the cultivation temperature, animals move isothermally (IT behavior) ([@bib26]; [@bib43]; [@bib54]; [@bib36]). Since [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) is essential for IT behavior ([Figure S1](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/2)A; [@bib50]), we tested this behavior using the individual thermotaxis assay with a radial temperature gradient ([@bib43]). In contrast to wild-type animals showing clear isotherms, *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants moved almost randomly on the gradient ([Figure 1, D and E](#fig1){ref-type="fig"}). By contrast, *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene);[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* double mutants showed IT behavior similar to those of wild-type animals and *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* single mutants ([Figure 1, D and E](#fig1){ref-type="fig"}), suggesting that *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* restores the function of [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants.

*[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants was previously shown to be defective in salt attraction ([Figure 1C](#fig1){ref-type="fig"}; [@bib67]). We found that *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)([nj50](http://www.wormbase.org/db/get?name=nj50;class=Variation));[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* and *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* mutants were attracted to NaCl to the similar extent to that of wild-type animals ([Figure 1C](#fig1){ref-type="fig"}). Taken together, we concluded that *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* confers strong suppression for the behavioral defects of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants.

Loss of EGL-8 suppresses the synaptic defects of *ttx-7* mutants {#s13}
----------------------------------------------------------------

We next addressed whether *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* mutations also suppress the synaptic defects of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants. The [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) interneuron has a single process where pre- and postsynaptic regions are segregated, providing a unique platform from which to analyze the polarized distribution of synaptic proteins *in vivo* ([Figure 2, A and B](#fig2){ref-type="fig"}; [@bib70]; [@bib67]; [@bib38]). The localization of fluorescent marker-tagged synaptic proteins in the process was evaluated using the "localization index" shown in [Figure 2B](#fig2){ref-type="fig"}. The synaptic vesicle-associated protein [SNB-1](http://www.wormbase.org/db/get?name=SNB-1;class=Gene) fused to VENUS was exclusively localized to the presynaptic region of [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) in wild-type and *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* mutant animals ([Figure 2, C, F, and G](#fig2){ref-type="fig"}). As previously reported, SNB-1::VENUS was abnormally localized in both pre- and nonpresynaptic regions of the [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) process in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants ([Figure 2, C, F, and H](#fig2){ref-type="fig"}; [@bib67]), whereas both *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* and *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([n488](http://www.wormbase.org/db/get?name=n488;class=Variation))* markedly suppressed the localization defect of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants ([Figure 2, C, F, and G](#fig2){ref-type="fig"}). We noted that the suppression by *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* was weaker than *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([n488](http://www.wormbase.org/db/get?name=n488;class=Variation))* (*P* \< 0.01: comparison between *[nj50](http://www.wormbase.org/db/get?name=nj50;class=Variation);[nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation)* and *[nj50](http://www.wormbase.org/db/get?name=nj50;class=Variation);[n488](http://www.wormbase.org/db/get?name=n488;class=Variation)* in [Figure 2C](#fig2){ref-type="fig"}). This result and the locomotion phenotype described above suggest that *[nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation)* is a hypomorphic allele of *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)*. We next examined the localization of [SYD-2](http://www.wormbase.org/db/get?name=SYD-2;class=Gene), a presynaptic active zone protein ([@bib73]). The [SYD-2](http://www.wormbase.org/db/get?name=SYD-2;class=Gene) tagged with GFP was mainly localized to the presynaptic region in wild-type and *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* mutant animals, whereas in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants, the fluorescent puncta in the presynaptic region was dispersed throughout the whole process ([Figure 2, D, F, I, and J](#fig2){ref-type="fig"}; [@bib67]). As in the case of [SNB-1](http://www.wormbase.org/db/get?name=SNB-1;class=Gene), *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)*(*[n488](http://www.wormbase.org/db/get?name=n488;class=Variation)*) strongly suppressed this defect ([Figure 2, D, F, and I](#fig2){ref-type="fig"}).

![Mutations in *egl-8* strongly suppress the synaptic defects of *ttx-7* mutants. (A) Schematic of the head region of *C. elegans* and a pair of RIA. (B) Schematic of pre- and postsynapses distribution in RIA ([@bib70]). The localization index was calculated using the equation shown here. Measurement of fluorescent intensity was performed as described in *Materials and Methods*. (C--E) Comparison of the localization indices of SNB-1::VENUS (C), GFP::SYD-2 (D), and GLR-1::GFP (E) in the RIA neuron in each genotype. Mutations in *egl-8* strongly suppressed the localization defects of the synaptic proteins in *ttx-7* mutants. Note that *egl-8(n488)* suppressed more strongly than *egl-8(nj77)* (C). Steel--Dwass multiple comparison tests were performed (*n* ≥ 11 animals). The marks on the bars of each genotype indicate comparisons with wild type. The marks on the lines indicate comparisons between indicated genotypes. (F) Representative images of the distribution of each synaptic protein in the RIA neuron in each genotype. Solid arrowheads indicate ectopic fluorescence, and open arrowheads indicate absence of the ectopic fluorescence. Scale bar, 5 µm. (G and H) Schematic of SNB-1::VENUS localization in wild-type animals, *ttx-7*(*nj50*)*;egl-8*(*n488*) and *egl-8*(*n488*) mutants (G) and that in *ttx-7(nj50)* mutants (H). SNB-1::VENUS is mislocalized at the proximal region of the process in *ttx-7(nj50)* mutants. (I and J) Schematic of GFP::SYD-2 localization in wild-type animals, *ttx-7(nj50);egl-8(n488)* and *egl-8(n488)* mutants (I) and that in *ttx-7(nj50)* mutants (J). GFP::SYD-2 mainly localized to the distal region of RIA in wild-type animals, *ttx-7(nj50);egl-8(n488)* and *egl-8(n488)* mutants, while it dispersed in whole process in *ttx-7(nj50)* mutants. (K and L) Schematic of GLR-1::GFP localization in wild-type animals and *ttx-7(nj50);egl-8(n488)* and *egl-8(n488)* mutants (K) and that in *ttx-7(nj50)* mutants (L). GLR-1::GFP mainly localized in the proximal region of RIA in wild-type animals, *ttx-7(nj50);egl-8(n488)* and *egl-8(n488)* mutants, while it diffused in whole process in *ttx-7(nj50)* mutants.](509fig2){#fig2}

We also examined postsynaptic specializations using [GLR-1](http://www.wormbase.org/db/get?name=GLR-1;class=Gene), an AMPA-type glutamate receptor. The GLR-1::GFP was localized to the postsynaptic region in wild-type and *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* mutant animals, while it diffused throughout the entire process in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants ([Figure 2, E, F, K and L](#fig2){ref-type="fig"}; [@bib67]). *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)*(*[n488](http://www.wormbase.org/db/get?name=n488;class=Variation)*) completely suppressed this defect ([Figure 2, E, F and K](#fig2){ref-type="fig"}). These results indicate that *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* mutations confer the strong suppression for the synaptic defects in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants.

Disruption of EGL-8-mediated PIP~2~ degradation in RIA suppresses the abnormalities in *ttx-7* mutants {#s14}
------------------------------------------------------------------------------------------------------

To examine where the *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* gene acts, we conducted cell-specific rescue experiments. The [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term)-specific expression of *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* cDNA in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene);[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* double mutants substantially reduced the fraction of IT behavior ([Figure 3D](#fig3){ref-type="fig"} and [Figure S1](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/2)D), and also disrupted localizations of [SNB-1](http://www.wormbase.org/db/get?name=SNB-1;class=Gene) and [SYD-2](http://www.wormbase.org/db/get?name=SYD-2;class=Gene) similarly to *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* single mutants ([Figure 3, E and F](#fig3){ref-type="fig"}, and [Figure S4](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/5)D). These results indicate that the loss of *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* function in [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) restores the abnormalities in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants.

![Loss of EGL-8 function in RIA suppresses the abnormalities in *ttx-7* mutants. (A) Locations of *nj77* and *n488* mutations in *egl-8* gene. Solid boxes indicate exons. (B) Simplified model of PI metabolism. *myo*-Inositol is supplied by *de novo* synthesis from glucose 6-phosphate and recycling from phosphoinositides, which require IMPase to dephosphorylate inositol monophosphate (IP~1~). *myo*-Inositol is also supplied from the extracellular environment via membrane-associated transporters. PI is synthesized from *myo*-inositol, and type I, II, and III of PIP kinases phosphorylate PI(4)P, PI(5)P, and PI(3)P, respectively. PLCβ cleaves PI(4,5)P~2~ into DAG and IP~3~. IP~3~ is sequentially dephosphorylated into *myo*-inositol. Synaptojanin dephosphorylates the five-position phosphate from PI(4,5)P~2~. IMPase can be inhibited by lithium *in vivo*. (C) The subcellular localization of EGL-8::GFP in the RIA neuron. EGL-8::GFP was not localized to a specific region. Scale bar, 5 µm. (D) Expressing *egl-8* cDNA specifically in RIA reduced the fraction of IT behavior in *ttx-7(nj50);egl-8(nj77)* double mutants. About 20 animals cultivated at 20° were examined in more than three trials, which were compared in ANOVA. (E and F) The localization indices of SNB-1::VENUS (E) and GFP::SYD-2 (F). The RIA-specific expression of *egl-8* cDNA reduced the localization indices in *ttx-7(nj50);egl-8(n488)* double mutants. Steel--Dwass multiple comparison tests were performed (*n* ≥ 11 animals).](509fig3){#fig3}

*[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* encodes PLCβ that hydrolyzes PIP~2~ on plasma membrane ([Figure 3B](#fig3){ref-type="fig"}; [@bib34]; [@bib41]). Because local PI metabolism on cell membrane is thought to be important for polarity establishment ([@bib62]), we assessed whether the PIP~2~ hydrolysis is restricted to a domain(s) of the [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) process such as pre- and postsynaptic domains by examining the subcellular localization of [EGL-8](http://www.wormbase.org/db/get?name=EGL-8;class=Gene). A functional GFP::EGL-8 ([Figure S1](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/2)C) was diffusely localized presumably on the membrane of the entire process and cell body ([Figure 3C](#fig3){ref-type="fig"}). This result suggests that PIP~2~ hydrolysis is not restricted to any specific regions of the [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) process but does not exclude the possibility that [EGL-8](http://www.wormbase.org/db/get?name=EGL-8;class=Gene) activity is spatially restricted by a regulator protein. Given that [EGL-8](http://www.wormbase.org/db/get?name=EGL-8;class=Gene) is activated by the G-protein α-subunit [EGL-30](http://www.wormbase.org/db/get?name=EGL-30;class=Gene) at neuromuscular junctions ([@bib34]; [@bib41]), we speculated that [EGL-30](http://www.wormbase.org/db/get?name=EGL-30;class=Gene) also regulates [EGL-8](http://www.wormbase.org/db/get?name=EGL-8;class=Gene) in [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term). However, we did not see the clear suppression of the defective localization of SNB-1::VENUS in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)([nj50](http://www.wormbase.org/db/get?name=nj50;class=Variation));[egl-30](http://www.wormbase.org/db/get?name=egl-30;class=Gene)([n686](http://www.wormbase.org/db/get?name=n686;class=Variation))* double mutants, and gain- or loss-of-function mutations in *[egl-30](http://www.wormbase.org/db/get?name=egl-30;class=Gene)* did not cause localization defects ([Table 1](#t1){ref-type="table"}). It is still possible that a protein different from [EGL-30](http://www.wormbase.org/db/get?name=EGL-30;class=Gene) regulates the activity of [EGL-8](http://www.wormbase.org/db/get?name=EGL-8;class=Gene) in [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term).

Screening for PI metabolic genes regulating the localization of synaptic components {#s15}
-----------------------------------------------------------------------------------

The loss of [EGL-8](http://www.wormbase.org/db/get?name=EGL-8;class=Gene)/PLCβ would cause an increase of PIP~2~ and a decrease of IP~3~ and DAG ([Figure 3B](#fig3){ref-type="fig"}). To test which of these two changes is responsible for the suppression of the *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* phenotype, we examined the [SNB-1](http://www.wormbase.org/db/get?name=SNB-1;class=Gene) localization in the [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) neuron of animals mutant for genes involved in PI metabolism ([Table 1](#t1){ref-type="table"}). First, we examined the gene *[unc-26](http://www.wormbase.org/db/get?name=unc-26;class=Gene)*, encoding a *C. elegans* ortholog of human synaptojanin 1 that regulates the clathrin uncoating step of endocytosis through dephosphorylation of PIP~2~ on plasma membrane ([Figure 3B](#fig3){ref-type="fig"}; [@bib13]; [@bib25]). The *[unc-26](http://www.wormbase.org/db/get?name=unc-26;class=Gene)* mutation substantially suppressed the localization defects of synaptic proteins in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants ([Figure 4](#fig4){ref-type="fig"} and [Table1](#t1){ref-type="table"}). We could not assess the thermotaxis phenotype of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)([nj50](http://www.wormbase.org/db/get?name=nj50;class=Variation));[unc-26](http://www.wormbase.org/db/get?name=unc-26;class=Gene)([e205](http://www.wormbase.org/db/get?name=e205;class=Variation))* double mutants owing to locomotion defects. Given that the level of PIP~2~ was reported to be selectively increased in neurons of synaptojanin-knockout mice ([@bib13]) and that the loss of *[unc-26](http://www.wormbase.org/db/get?name=unc-26;class=Gene)* would not decrease IP~3~ and DAG levels ([Figure 3B](#fig3){ref-type="fig"}), our result suggests that accumulation of membrane PIP~2~ suppresses the defects of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants.

![A mutation in the *unc-26* gene suppresses the synaptic defects of *ttx-7* mutants. (A--C) The localization indices of SNB-1::VENUS (A), GFP::SYD-2 (B), and GLR-1::GFP (C). A mutation in *unc-26* significantly suppressed the localization defects of the synaptic proteins in *ttx-7(nj50)* mutants. The marks on the bars of each genotype indicate comparisons with wild type. The marks on the lines indicate comparisons between indicated genotypes. Steel--Dwass multiple comparison tests were performed (*n* ≥ 11 animals). (D--F) Representative confocal images of the RIA neuron expressing SNB-1::VENUS (D), GFP::SYD-2 (E), and GLR-1::GFP (F) in *ttx-7*(*nj50*)*;unc-26*(*e205*) double mutants. Scale bar, 5 µm. (G--I) Schematics of SNB-1::VENUS (G), GFP::SYD-2 (H), GLR-1::GFP (I) localizations in the RIA neuron of *ttx-7(nj50);unc-26(e205)* double mutants.](509fig4){#fig4}

The *[ppk-1](http://www.wormbase.org/db/get?name=ppk-1;class=Gene)* gene encodes a type I PIP kinase that is regarded as a primary synthetic enzyme for PIP~2~ *in vivo* ([Figure 3B](#fig3){ref-type="fig"}; [@bib64]; [@bib71]; [@bib69]). [@bib69] showed that the overexpression of *[ppk-1](http://www.wormbase.org/db/get?name=ppk-1;class=Gene)* under a panneural promoter significantly increases PIP~2~ levels, while *[ppk-1](http://www.wormbase.org/db/get?name=ppk-1;class=Gene)(ok1141)* mutants display an early larval lethal phenotype ([@bib69]). We examined whether the overexpression of *[ppk-1](http://www.wormbase.org/db/get?name=ppk-1;class=Gene)* suppresses the defects of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants. SNB-1::VENUS was still mislocalized in the nonpresynaptic region of [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) in the *[ppk-1](http://www.wormbase.org/db/get?name=ppk-1;class=Gene)* overexpression strain with *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)([nj50](http://www.wormbase.org/db/get?name=nj50;class=Variation))* mutation, as observed in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)([nj50](http://www.wormbase.org/db/get?name=nj50;class=Variation))* single-mutant animals ([Figure S4](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/5)C and [Table 1](#t1){ref-type="table"}). The *[ppk-2](http://www.wormbase.org/db/get?name=ppk-2;class=Gene)* and *[ppk-3](http://www.wormbase.org/db/get?name=ppk-3;class=Gene)* genes encode homologs of type II and III PIP kinase, respectively. Type II kinase generates PIP~2~, and type III kinase generates phosphatidylinositol 3,5-bisphosphate ([Figure 3B](#fig3){ref-type="fig"}; [@bib45]; [@bib69]). In both mutants, SNB-1::VENUS was normally localized at the presynaptic region ([Table 1](#t1){ref-type="table"}). In addition, we examined mutants for genes encoding phospholipase D (*[pld-1](http://www.wormbase.org/db/get?name=pld-1;class=Gene)*), ADP-ribosylation factor (*[arf-1.1](http://www.wormbase.org/db/get?name=arf-1.1;class=Gene)*, *[arf-1.2](http://www.wormbase.org/db/get?name=arf-1.2;class=Gene)*, *[arf-6](http://www.wormbase.org/db/get?name=arf-6;class=Gene)*), and Lowe oculocerebrorenal syndrome protein (*[ocrl-1](http://www.wormbase.org/db/get?name=ocrl-1;class=Gene)*). Homologs of these genes are involved in the metabolism of PIP~2~ in the Golgi apparatus in mammals (De Matteis *et al.* 2002; Di Paolo and De Camilli 2006). We did not identify any defects in these mutants ([Table 1](#t1){ref-type="table"}). We also tested mutations in the genes encoding phospholipase C isozymes (*[plc-1](http://www.wormbase.org/db/get?name=plc-1;class=Gene)*, *[plc-2](http://www.wormbase.org/db/get?name=plc-2;class=Gene)*) and proteins with the PI kinase domain (*[age-1](http://www.wormbase.org/db/get?name=age-1;class=Gene)*, *[piki-1](http://www.wormbase.org/db/get?name=piki-1;class=Gene)*, *vps-1*, [F35H12.4](http://www.wormbase.org/db/get?name=F35H12.4;class=Gene), [Y75B8A.24](http://www.wormbase.org/db/get?name=Y75B8A.24;class=Gene), *[trr-1](http://www.wormbase.org/db/get?name=trr-1;class=Gene)*, *[smg-1](http://www.wormbase.org/db/get?name=smg-1;class=Gene)*, *[atm-1](http://www.wormbase.org/db/get?name=atm-1;class=Gene)*, *[atl-1](http://www.wormbase.org/db/get?name=atl-1;class=Gene)*, *[let-363](http://www.wormbase.org/db/get?name=let-363;class=Gene)*), but these mutations neither caused a *[ttx-7](http://www.wormbase.org/species/c_elegans/gene/WBGene00008765?query=ttx-7#0-9e-3)*-like defect nor suppressed the defect of *[ttx-7](http://www.wormbase.org/species/c_elegans/gene/WBGene00008765?query=ttx-7#0-9e-3)* mutants ([Table 1](#t1){ref-type="table"}). These results suggest that [TTX-7](http://www.wormbase.org/db/get?name=TTX-7;class=Gene) and the PI-related enzymes examined here function in distinct PI metabolic processes.

The synaptic defect in *ttx-7* mutants is not merely a reflection of any known defects of polarity genes {#s16}
--------------------------------------------------------------------------------------------------------

The synaptic defects in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants might be caused by defects in a selective transport system of synaptic proteins. We tested this possibility with a mutation in [LRK-1](http://www.wormbase.org/db/get?name=LRK-1;class=Gene), a homolog of familial parkinsonism gene PARK8/LRRK2, which causes a defect in the selective transport system, resulting in the abnormal localization of [SNB-1](http://www.wormbase.org/db/get?name=SNB-1;class=Gene) in sensory neurons ([@bib56]). We did not, however, find any mislocalization defects of [SNB-1](http://www.wormbase.org/db/get?name=SNB-1;class=Gene) in the [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) neuron of *[lrk-1](http://www.wormbase.org/db/get?name=lrk-1;class=Gene)([km17](http://www.wormbase.org/db/get?name=km17;class=Variation))* mutants ([Table 1](#t1){ref-type="table"}). Although the localization defect of [SNB-1](http://www.wormbase.org/db/get?name=SNB-1;class=Gene) in sensory neurons of *[lrk-1](http://www.wormbase.org/db/get?name=lrk-1;class=Gene)* mutants is suppressed by the loss of [UNC-101](http://www.wormbase.org/db/get?name=UNC-101;class=Gene) that is required for the transport of postsynaptic proteins ([@bib56]), the mislocalization defect of SNB-1::VENUS in [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) neuron of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants was not suppressed by a null mutation in *[unc-101](http://www.wormbase.org/db/get?name=unc-101;class=Gene)* ([Table 1](#t1){ref-type="table"}; [@bib19]). These results suggest that the molecular mechanism for the polarized localization of [SNB-1](http://www.wormbase.org/db/get?name=SNB-1;class=Gene) in [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) is different from that in sensory neurons.

Another possibility for the mechanism of the mislocalization is that the physical barriers between subcellular compartments in [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) are broken in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants. A recent study revealed that ankyrin G is necessary for the cytosolic filter of axon initial segments ([@bib63]). We found that mutants for *[unc-44](http://www.wormbase.org/db/get?name=unc-44;class=Gene)* gene encoding a *C. elegans* homolog of ankyrin G ([@bib53]) showed normal localization of SNB-1::VENUS in [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) ([Table 1](#t1){ref-type="table"}).

Studies of cultured neurons have identified several molecules needed for cell polarity ([@bib6]; [@bib66]). Of *C. elegans* homologs of these molecules, mutants for cell division control protein 42 (*[cdc-42](http://www.wormbase.org/db/get?name=cdc-42;class=Gene)*) ([@bib21]; [@bib30]), collapsin response mediator protein-2 (CRMP-2) (*[unc-33](http://www.wormbase.org/db/get?name=unc-33;class=Gene)*) ([@bib68]), neural Wiskott--Aldrich syndrome protein (N-WASP) (*[wsp-1](http://www.wormbase.org/db/get?name=wsp-1;class=Gene)*), WASP family Verprolin-homologous protein (WAVE) (*[wve-1](http://www.wormbase.org/db/get?name=wve-1;class=Gene)*), and proline-rich WASP-interacting protein (WIP) (*[wip-1](http://www.wormbase.org/db/get?name=wip-1;class=Gene)*) ([@bib58]; [@bib57]) all showed normal localization of SNB-1::VENUS in the [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) neuron ([Table 1](#t1){ref-type="table"}). These results suggest that the polarized localization of synaptic molecules in [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) is controlled by a novel mechanism for neuronal polarity.

Mislocalization of synaptic vesicle proteins occurs independently of UNC-104, a kinesin-like protein {#s17}
----------------------------------------------------------------------------------------------------

Kinesin motor proteins carry motor-specific cargos, assuring selective transport in neurons. [UNC-104](http://www.wormbase.org/db/get?name=UNC-104;class=Gene) is a kinesin-like motor protein and transports synaptic vesicles (SV) in *C. elegans* ([@bib23]; [@bib52]). Consistently, the fluorescence of SNB-1::VENUS was observed exclusively in the cell body of [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) in most of *[unc-104](http://www.wormbase.org/db/get?name=unc-104;class=Gene)([e1265](http://www.wormbase.org/db/get?name=e1265;class=Variation))* mutant animals ([Figure 5, A, B, and D](#fig5){ref-type="fig"}). We examined whether the mislocalized SNB-1::VENUS in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants is transported by [UNC-104](http://www.wormbase.org/db/get?name=UNC-104;class=Gene). We observed punctate fluorescence in the proximal region of the process in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)([nj50](http://www.wormbase.org/db/get?name=nj50;class=Variation));[unc-104](http://www.wormbase.org/db/get?name=unc-104;class=Gene)([e1265](http://www.wormbase.org/db/get?name=e1265;class=Variation))* double mutants, although the presynaptic localization of SNB-1::VENUS was abolished ([Figure 5, A, C, and D](#fig5){ref-type="fig"}). Further, this abnormal localization of SNB-1::VENUS was suppressed by *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)*(*[n488](http://www.wormbase.org/db/get?name=n488;class=Variation)*) ([Figure 5, A, B, and D](#fig5){ref-type="fig"}). These results suggest that some portion of SNB-1::VENUS is mislocalized by an [UNC-104](http://www.wormbase.org/db/get?name=UNC-104;class=Gene)-independent pathway in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants. [@bib46] reported that a mutation in *[unc-11](http://www.wormbase.org/db/get?name=unc-11;class=Gene)* causes diffused localization of [SNB-1](http://www.wormbase.org/db/get?name=SNB-1;class=Gene) in the nerve processes in a *[unc-104](http://www.wormbase.org/db/get?name=unc-104;class=Gene)* background ([@bib46]). We found that the appearance of the [SNB-1](http://www.wormbase.org/db/get?name=SNB-1;class=Gene) fluorescence in *[unc-11](http://www.wormbase.org/db/get?name=unc-11;class=Gene)([e47](http://www.wormbase.org/db/get?name=e47;class=Variation));[unc-104](http://www.wormbase.org/db/get?name=unc-104;class=Gene)([e1265](http://www.wormbase.org/db/get?name=e1265;class=Variation))* mutants was different from that of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)([nj50](http://www.wormbase.org/db/get?name=nj50;class=Variation));[unc-104](http://www.wormbase.org/db/get?name=unc-104;class=Gene)([e1265](http://www.wormbase.org/db/get?name=e1265;class=Variation))* mutants ([Figure 5A](#fig5){ref-type="fig"} and [Figure S4](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/5)B), suggesting that the losses of [UNC-11](http://www.wormbase.org/db/get?name=UNC-11;class=Gene) and [TTX-7](http://www.wormbase.org/db/get?name=TTX-7;class=Gene) cause mislocalization of [SNB-1](http://www.wormbase.org/db/get?name=SNB-1;class=Gene) in different processes.

![Localization of SNB-1 in a *unc-104*-mutant background. (A) Representative images of SNB-1::VENUS localization in the RIA neuron in each genotype. The fluorescence of SNB-1::VENUS in *unc-104*(*e1265*), *ttx-7(nj50);unc-104(e1265);egl-8(n488)*, and *unc-104(e1265);egl-8(n488)* mutants was localized exclusively in the cell body, while it was abnormally localized as punctate in proximal region of the process in *ttx-7(nj50);unc-104(e1265)* mutants. Scale bar, 5 µm. (B and C) Schematic of SNB-1::VENUS localization in the RIA neuron of *unc-104(e1265)*, *ttx-7(nj50);egl-8(n488);unc-104(e1265)*, and *egl-8(n488);unc-104(e1265)* mutants (B) and that of *ttx-7(nj50);unc-104(e1265)* mutants (C). (D) The fraction of animals that displayed abnormal localization of SNB-1::VENUS in the proximal region of the RIA process in each genotype. SNB-1::VENUS expressed from integrated array *njIs9* was observed. About 20 animals were examined in more than three trials.](509fig5){#fig5}

*egl-8* mutants are resistant to LiCl treatment on synaptic and thermotaxis phenotypes {#s18}
--------------------------------------------------------------------------------------

Lithium is used to treat bipolar disorder, and IMPase is one of the putative targets of lithium therapy ([@bib24]; [@bib9]). [@bib67] showed that the exogenous application of LiCl to wild-type animals mimics both the thermotaxis and synaptic defects of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants ([@bib67]). Given the suppression of the *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* defects by *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* mutations, we investigated whether *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* mutant animals are resistant to LiCl treatment. Treatment of wild-type animals with LiCl substantially reduced the fraction of IT behavior, while LiCl did not affect IT behavior of *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([nj77](http://www.wormbase.org/db/get?name=nj77;class=Variation))* mutants ([Figure 6A](#fig6){ref-type="fig"}). The localization of SNB-1::VENUS remained intact in LiCl-treated *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)([n488](http://www.wormbase.org/db/get?name=n488;class=Variation))* mutants unlike LiCl-treated wild-type animals ([Figure 6B](#fig6){ref-type="fig"}).

![Exogenous application of lithium to *egl-8* mutants. (A) The effect of LiCl treatment on the individual thermotaxis assay in 20° cultivation. Lithium treatment significantly disrupted the IT behavior of wild-type animals, but not that of *egl-8(nj77)* mutants. About 20 animals were examined in more than three trials. Tukey--Kramer test was performed. (B) The localization indices of SNB-1::VENUS in the RIA neuron of animals treated with LiCl. SNB-1::VENUS in LiCl-treated wild-type animals was mislocalized to the proximal region of RIA, resulting in the lower localization index. *egl-8(n488)* mutants were completely resistant to lithium treatment. Steel--Dwass multiple comparison test was performed (*n* ≥ 12 animals). (C) Body size of lithium-treated and -untreated animals in each genotype relative to lithium-untreated wild-type animals. LiCl-treated animals were smaller than untreated animals. Mutations in *egl-8* did not confer resistance in this case. *n* ≥ 19 animals. (D) Lateral views of lithium-treated and -untreated adult animals captured in bright fields. Scale bar, 100 µm.](509fig6){#fig6}

We noted that LiCl treatment shortened the body length of animals ([Figure 6, C and D](#fig6){ref-type="fig"}). This is consistent with the previous reports that lithium interferes with normal development in various organisms ([@bib22]). The effect of LiCl on the body size does not appear to be caused by inhibition of IMPase, because the body size of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants was normal and because LiCl treatment shortened the body size of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants ([Figure 6C](#fig6){ref-type="fig"}). In contrast to the synaptic and thermotaxis phenotypes, mutations in *[egl-8](http://www.wormbase.org/db/get?name=egl-8;class=Gene)* did not confer resistance to the developmental defect ([Figure 6, C and D](#fig6){ref-type="fig"}), indicating that resistance to LiCl conferred by the loss of [EGL-8](http://www.wormbase.org/db/get?name=EGL-8;class=Gene) function is specific to the abnormalities associated with IMPase dysfunction. These results suggest that lithium impairs synthesis of PIP~2~ through inhibition of IMPase, which causes the defect in the synaptic polarity of [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term).

Discussion {#s19}
==========

The PIP~2~ level in central interneurons of *C. elegans* is regulated by IMPase {#s20}
-------------------------------------------------------------------------------

Despite its well-known enzymatic property, the *in vivo* function of IMPase in neuronal PI metabolism has remained elusive. In this study, we show that the localization defects of synaptic proteins in IMPase *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants can be suppressed by disrupting PIP~2~ breakdown mediated by two membrane-associated enzymes, PLCβ [EGL-8](http://www.wormbase.org/db/get?name=EGL-8;class=Gene) or synaptojanin [UNC-26](http://www.wormbase.org/db/get?name=UNC-26;class=Gene). These results suggest that the neuronal PIP~2~ level is regulated by IMPase *in vivo* and that the proper PIP~2~ level is required for the synaptic polarity in a specific type of central neuron and thereby for normal behaviors.

We did not identify any other mutations in PI metabolic genes that suppress the defects of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants or cause a defect in localization of synaptic proteins similar to that in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants ([Table 1](#t1){ref-type="table"}). Further, the overexpression of *[ppk-1](http://www.wormbase.org/db/get?name=ppk-1;class=Gene)*, which is known to be a major PIP~2~-producing enzyme ([@bib69]), had no effect on the synaptic defects of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants ([Figure S4](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/5)C and [Table 1](#t1){ref-type="table"}). These results suggest that [TTX-7](http://www.wormbase.org/db/get?name=TTX-7;class=Gene) and the PI metabolic enzymes tested here act in different domains of PI metabolism in [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term). Consistently, although PI is an important regulator of cell morphology ([@bib62]), the [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) morphology in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants is almost normal ([Figure 2F](#fig2){ref-type="fig"}). Further, a certain amount of SV proteins are transported to the presynaptic region by the PIP~2~-dependent kinesin motor [UNC-104](http://www.wormbase.org/db/get?name=UNC-104;class=Gene) ([Figure 2](#fig2){ref-type="fig"} and [Figure 5](#fig5){ref-type="fig"}; [@bib32]). These results suggest that the level of PI in [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) is not drastically reduced in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants and that IMPase regulates a specialized part of the entire PI metabolism in the cell to localize synaptic molecules.

PI-mediated signaling regulates the polarized localization of pre- and postsynaptic components {#s21}
----------------------------------------------------------------------------------------------

How does the IMPase-mediated PI signaling localize synaptic molecules? Our study showed that some portion of the SV protein [SNB-1](http://www.wormbase.org/db/get?name=SNB-1;class=Gene) is mislocalized in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants with a mutation in the kinesin SV transporter [UNC-104](http://www.wormbase.org/db/get?name=UNC-104;class=Gene) ([Figure 5](#fig5){ref-type="fig"}). Although careful interpretation is required because the *[unc-104](http://www.wormbase.org/db/get?name=unc-104;class=Gene)* mutation is not null, this result suggests that the mislocalization of [SNB-1](http://www.wormbase.org/db/get?name=SNB-1;class=Gene) is not caused merely by the defect in the movement of the transporter. As mentioned by [@bib46], a defect in the endocytosis process caused by a *[unc-11](http://www.wormbase.org/db/get?name=unc-11;class=Gene)* mutation leads to mislocalization of [SNB-1](http://www.wormbase.org/db/get?name=SNB-1;class=Gene) along the membrane of neuronal processes in a *[unc-104](http://www.wormbase.org/db/get?name=unc-104;class=Gene)* mutant background ([@bib46]). However, the smooth membranous appearance of SNB-1::VENUS in *[unc-11](http://www.wormbase.org/db/get?name=unc-11;class=Gene);[unc-104](http://www.wormbase.org/db/get?name=unc-104;class=Gene)* animals is different from the punctate appearance in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene);[unc-104](http://www.wormbase.org/db/get?name=unc-104;class=Gene)* animals ([Figure 5A](#fig5){ref-type="fig"} and [Figure S4](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/5)B). Further, the mislocalization of SNB-1::VENUS in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene);[unc-104](http://www.wormbase.org/db/get?name=unc-104;class=Gene)* was restricted to the proximal region of the process, while in *[unc-11](http://www.wormbase.org/db/get?name=unc-11;class=Gene);[unc-104](http://www.wormbase.org/db/get?name=unc-104;class=Gene)* animals, SNB-1::VENUS was visible across the entire process ([Figure 5A](#fig5){ref-type="fig"} and [Figure S4](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/5)B), suggesting that [TTX-7](http://www.wormbase.org/db/get?name=TTX-7;class=Gene) and [UNC-11](http://www.wormbase.org/db/get?name=UNC-11;class=Gene) are involved in distinct processes.

It is possible that [UNC-11](http://www.wormbase.org/db/get?name=UNC-11;class=Gene)-independent endocytosis is defective in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants. [@bib38] showed that [UNC-101](http://www.wormbase.org/db/get?name=UNC-101;class=Gene), AP-1 medium subunit µ1, endocytically eliminates postsynaptic components at the presynaptic region of the [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) neuron ([@bib38]). Thus, we can speculate that another endocytotic machinery also functions in the PI signaling-dependent manner to eliminate presynaptic proteins such as [SNB-1](http://www.wormbase.org/db/get?name=SNB-1;class=Gene) at the postsynaptic region. We found that the localization of [UNC-101](http://www.wormbase.org/db/get?name=UNC-101;class=Gene) was disrupted in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutant animals ([Figure S4](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/5)A). This result implies that functional localization of such endocytotic machinery is also under the control of the PI signaling.

An alternative possibility is a defect of a selective transport system. Since many synaptic components contain the PIP~2~ binding domain, PIP~2~ might function as a signal for synaptic components to ride on specific cargos at the Golgi apparatus. However, given that [EGL-8](http://www.wormbase.org/db/get?name=EGL-8;class=Gene) and [UNC-26](http://www.wormbase.org/db/get?name=UNC-26;class=Gene) function on the cell membrane, it is likely that the loss of [TTX-7](http://www.wormbase.org/db/get?name=TTX-7;class=Gene) does not significantly affect the level of PIP~2~ at the Golgi apparatus.

A defect in cytoplasmic barriers might also cause the localization defects. Studies in vertebrates showed that ankyrin G- and F-actin are essential for cytoplasmic barriers to regulate protein localization in neurons ([@bib44]; [@bib63]). Although the loss of *[unc-44](http://www.wormbase.org/db/get?name=unc-44;class=Gene)*, which is the closest gene to ankyrin G in *C. elegans*, did not affect the localization of SNB-1::VENUS in [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) ([Table 1](#t1){ref-type="table"}), this result does not exclude the presence of such barriers.

The synaptic phenotype of *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants is unique: the disruption of all examined genes related to synapse formation or polarity establishment did not cause the *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)*-like defects ([Table 1](#t1){ref-type="table"}; [@bib67]). Thus, it is likely that the PI signaling regulated by IMPase plays a fundamental role in a novel mechanism of synaptic localization. Andreassi *et al.* (2010) showed that the mRNA of mice IMPase accumulated in the axon of sympathetic neurons, also implying an important role of IMPase in neuronal processes ([@bib4]). Although technically challenging, an electron microscopy analysis will be informative to fully understand how IMPase regulates localization of synaptic molecules.

Lithium impairs PIP~2~-mediated signaling through inhibition of IMPase in specific neurons {#s22}
------------------------------------------------------------------------------------------

IMPase is a potent target of lithium therapy for bipolar disorder ([@bib24]). It is hypothesized that the inhibition of IMPase by lithium reduces the inositol supply, which in turn interferes with a PIP~2~-mediated signaling pathway ([Figure S2](http://www.genetics.org/cgi/data/genetics.111.137844/DC1/3); [@bib2]; [@bib3]; [@bib8], 1989; [@bib59]). Indeed, a recent study using the social amoeba *Dictyostelium* showed that lithium treatment disrupts synthesis of PI species ([@bib31]). However, inhibition of IMPase by lithium has never been shown to reduce neuronal PI levels *in vivo*, and studies suggesting the limited importance of IMPase in neuronal PI metabolism are accumulating ([@bib20]; [@bib7]; [@bib18]; [@bib59]; [@bib47]). Of those, a study with mice lacking the SMIT1 gene that is required for taking up inositol from the extracellular environment ([Figure 3B](#fig3){ref-type="fig"}; [@bib10]) showed that the loss of SMIT1 causes 92% reduction of inositol in fetal brain but does not affect PI levels. This result implies that the low concentration of inositol is sufficient to synthesize PI species. Considering that the reduction of inositol by IMPase inhibition is much more modest compared with that in the SMIT1 knockout mice, the authors claimed that the inositol depletion hypothesis is not probable ([@bib10]). However, if the inhibition of IMPase reduces PI levels in a specific region of the nervous system and a unique metabolic module within a cell, the global measurement would not reveal the reduction of PI levels. As shown by [@bib67], the localization defects of synaptic proteins in *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants occur exclusively in the [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) neuron ([@bib67]). Further, this study showed that IMPase is involved in a specialized part of PI metabolism in the cell. Thus, inhibition of IMPase in human brain might also affect only specific types of neurons and also specific types of metabolic modules of PI metabolism in the neurons. This idea can help explain the controversial results obtained by different experimental samples.

The [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) neuron has numerous synapses in its single neurite. The high level of total synaptic activity might consume a large amount of inositol, making [RIA](http://www.wormbase.org/db/get?name=RIA;class=Anatomy_term) sensitive to the IMPase inhibition. If so, neurons with a relatively large number of synapses can be a potent candidate for the target of lithium treatment in human brain.

It was shown that knockout of the IMPA1 or IMPA2 genes encoding IMPase in mice does not decrease the global level of inositol in the adult brain ([@bib14], [@bib15]; [@bib1]), which is consistent with the result that *[ttx-7](http://www.wormbase.org/db/get?name=ttx-7;class=Gene)* mutants does not show any defects related to the known inositol and PI-mediated signaling ([@bib67]). It is plausible that mammalian IMPase also acts in a specialized part of PI metabolism.

We also found that synaptojanin [UNC-26](http://www.wormbase.org/db/get?name=UNC-26;class=Gene) is linked to the PI metabolism in which IMPase and PLCβ function. Genetic studies on human patients suggested that synaptojanin 1 is also associated with bipolar disorder ([@bib55]; [@bib65]), raising an intriguing hypothesis that the metabolic module of IMPase, PLCβ, and synaptojanin at synapses is a site of lithium action.
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